Spermatogenesis originates from a small population of spermatogonial stem cells, which have the ability to both selfrenew and produce differentiated germ cells. We previously established a surrogate broodstock technique using xenotransplantation of spermatogonia in salmonids. This technique promised to be an efficient tool for producing target seeds that are valuable to markets or endangered species. We have been attempting to establish a technique to produce seeds by transplanting spermatogonia proliferated in culture dishes. However, our previous methods for culturing spermatogonia had several defects. First, residual testicular somatic cells infiltrated excessively proliferating cultures and eventually outcompeted spermatogonia. Second, the total number of spermatogonia gradually decreased during culture periods even though mitosis was confirmed. Third, the cultured spermatogonia were less able to be incorporated into the recipient gonads following transplantation as compared to the ability of intact spermatogonia. To overcome these defects, in the present study we improved upon spermatogonia culture conditions. The overgrowth of testicular somatic cells could be suppressed by adjusting fetal bovine serum concentration in the medium to 1%. The addition of soluble factors, such as bovine serum albumin, adenosine, and salmonid serum, to the medium would enhance spermatogonial survival, mitotic activity, and transplantability. Under newly developed conditions, we extended the culture periods. Furthermore, a transplantation assay showed that spermatogonia cultured in the modified medium for 42 days still possessed their transplantability. The present study represents valuable steps toward establishing a culture method enabling spermatogonia to expand in vitro for use in seed production with surrogate broodstock technology.
INTRODUCTION
In male gonads, spermatogenesis originates from a small population of spermatogonial stem cells (SSCs) that have the ability to both self-renew and produce differentiated germ cells committed to becoming mature spermatozoa [1] . In mammalian species, spermatogenesis occurs within seminiferous tubules [1] . In murine species, it has been functionally demonstrated that a portion of type A spermatogonia exists on the basement membrane of seminiferous tubules and possess stemness as assessed by chemotherapy, radiotherapy, and transplantation techniques [2, 3] . In fish testis, spermatogenesis occurs in spermatocysts. Germ cells reside within spermatocysts formed by cytoplasmic extensions of Sertoli cells, and their proliferation and differentiation occur clonally and synchronously, derived from a single germ cell in each spermatocyst. This single germ cell, defined as type A spermatogonium, or a subpopulation of these cells are speculated to exhibit stem-cell potency [4] .
We previously established a technique for spermatogonial transplantation in rainbow trout (Oncorhynchus mykiss) [5] . A portion of type A spermatogonia transplanted into the peritoneal cavity of the recipient embryo migrated toward and colonized within the recipient embryonic gonad, then produced a large number of functional sperm. These results functionally demonstrated the existence of spermatogonial stem cells in fish testis. Furthermore, we showed that spermatogonia incorporated into female gonads differentiated into fully functional eggs, demonstrating that the incorporated spermatogonia are sexually bipotent. Finally, normal individual organisms could be created by fertilizing the gametes derived from donor spermatogonia [5] .
We also recently established a surrogate broodstock technique for salmonids using xenotransplantation of spermatogonia into closely related species [6] . The techniques of spermatogonial transplantation would be a novel tool for the field of fish farming and genetic conservation. For instance, seed production for fish with large bodies and long generation times is expensive and labor intensive, and it requires extensive rearing space. Assuming that spermatogonia from such fish could be transplanted into closely related but smaller species with shorter generation times, the surrogate parent fish could produce donor-derived offspring during their maturation periods in a smaller rearing space [7] . Furthermore, if an in vitro culture method enabling spermatogonia to expand is established, seed production could be carried out by transplanting in vitro-cultured spermatogonia into small recipient fish. Therefore, our ultimate objective is to establish an in vitro culture method that allows the spermatogonial population to expand and be maintained for long periods while conserving their original characteristics.
We recently developed a culture method that supports the survival and mitotic activity of rainbow trout spermatogonia [8] . Under these culture conditions, spermatogonia could be maintained for longer than 1 mo with high levels of mitotic activity and colonization in the recipient gonads following transplantation; however, several defects remain unsolved in our culture methods. First, even though the enriched spermatogonia (.95%) were used initially, residual testicular somatic cells carried over into the cultures, excessively proliferated, and eventually outcompeted spermatogonia, which had extremely slow cell cycles (Shikina and Yoshizaki, unpublished data) . In this situation, the proliferated testicular somatic cells might monopolize the available nutrients and growth factors required for cell growth, impeding the spermatogonia. These results suggest that our medium contains certain factors that promote the overgrowth of testicular somatic cells. Second, the total number of spermatogonia was decreased gradually during culture periods even though spermatogonia mitosis was confirmed by 5-bromo-2 0 -deoxyuridine (BrdU) assay and time-lapse observation. In murine spermatogonia culture, it has been reported that in vitro expansion of spermatogonial stem cells over several months could be achieved with the addition of several soluble factors, such as glial cell line-derived neurotrophic factor and basic fibroblast growth factor (bFGF), which promote spermatogonial self-renewal and survival [9, 10] . Based on these reports, it may be necessary to include additional factors that support selfrenewal and survival of the spermatogonial population in our culture conditions. Third, the cultured spermatogonial population was less able to incorporate within the recipient gonads following transplantation compared to freshly prepared spermatogonia. This result is probably caused either by the paucity of factors that were used for the maintenance of the germ cells or by the existence of detrimental factors.
To overcome these defects, we improved the spermatogonia culture conditions. First, to suppress the overgrowth of testicular somatic cells, we examined the factors promoting overgrowth of testicular somatic cells in the medium and improved basal culture conditions using minimal factors. Second, we attempted to identify soluble factors that enhance the survival and mitotic activity of spermatogonia. Third, to examine the effect of the identified soluble factors on the ability of spermatogonia to incorporate, we performed a transplantation assay using spermatogonia cultured in the medium containing each identified factor. Finally, to evaluate these modified culture conditions, we cultured spermatogonia for extensive periods of time.
MATERIALS AND METHODS

Fish
A transgenic rainbow trout strain carrying the Gfp gene driven by vasa gene-regulatory elements was used. Type A spermatogonia in the testis of this strain were specifically labeled with strong green fluorescence, the expression level of which was synchronized with endogenous vasa-gene expression [11] [12] [13] . Eggs from wild-type females were inseminated with sperm from F 3 homozygous transgenic males. The fertilized eggs were reared at 108C for 8-10 mo, and then the testes were used for cell preparations and transplantation assays as described below. Nontransgenic hatchlings were used as recipients for the spermatogonial transplantation assay [5] . All procedures described herein were carried out in accordance with the Guide for the Care and Use of Laboratory Animals from Tokyo University of Marine Science and Technology.
Preparation of Testicular Cells
Testes were collected from 8-to 10-mo-old transgenic rainbow trout; at this stage, the germ cells are mostly type A spermatogonia having strong green fluorescent protein (GFP) intensity. A portion of the cells were able to colonize and self-renew in the recipient gonads following transplantation [13] . Testes were dissociated with 0.43 U/ml of trypsin (Worthington Biochemical Corporation) in PBS containing 1 mM Ca 2þ for 2 h at 108C. During digestion, gentle pipetting was applied every 30 min to physically disperse any remaining intact portions of the testis. Dissociated testicular cells were washed three times by centrifugation with Leibovitz L-15 medium (Invitrogen Corporation) supplemented with 10% fetal bovine serum (FBS; Invitrogen Corporation), 25 mM Hepes (Sigma-Aldrich), and antibiotics (50 lg/ml of ampicillin, 50 U/ ml of penicillin, and 50 lg/ml of streptomycin; all from Wako Pure Chemical Industries) to eliminate enzyme activity. The pellets were resuspended in 2 ml of the L-15 medium and filtered through a nylon screen (pore size, 42 lm; NBC, Inc.) to eliminate large clumps of nondissociated cells.
Spermatogonial Enrichment
Because our preliminary experiment revealed that the spermatogonial isolation using flow cytometry damaged spermatogonia, we used the panning technique to enrich spermatogonia [8] . In brief, dissociated testicular cells were seeded at a concentration of 0.6-1 3 10 4 cells/cm 2 in 0.1% gelatin-coated, sixwell plates (Thermo Fisher Scientific) in 2 ml of the L-15 medium (pH 7.8) supplemented with 25 mM Hepes, antibiotics, and 10% FBS. Cells were cultured at 108C, the optimal temperature to obtain maximal survival rate. After culturing for 30-40 h, the testicular somatic cells attached tightly to the bottom of the culture plate, whereas spermatogonia were suspended or weakly attached to the somatic cells or culture plates. These spermatogonia were then collected by gentle pipetting and passaged to new culture plates. After two or three passages, the percentage of spermatogonia was determined, and the enriched spermatogonial population (.95%), containing few residual testicular somatic cells, was used as the starting material for all culture experiments.
Replacement of FBS
First, to suppress the overgrowth of residual testicular somatic cells carried over into cultures, we attempted to identify the factors that promote somatic cell overgrowth in previously used TS medium-1, which is comprised of L-15 medium (pH 7.8) supplemented with 25 mM Hepes, antibiotics, 10% FBS, 1 ng/ml of human bFGF (Invitrogen Corporation), 1 lg/ml of trout embryonic extract and 25 lg/ml of bovine insulin (Sigma-Aldrich) [8] . Because our preliminary experiment raised possibilities that the addition of human bFGF, trout embryonic extract, bovine insulin, FBS, or a combination thereof enhanced testicular somatic cell proliferation, we examined the effect of these four factors on both somatic cell and spermatogonia numbers. Enriched spermatogonial suspension, containing small numbers of residual testicular somatic cells, was cultured under various media, omitting one of the factors from the TS medium-1. Next, to examine the effects of FBS further, the enriched spermatogonia were cultured in L-15 medium (pH 7.8) supplemented with 25 mM Hepes, antibiotics, growth factors, and 0.5-15% FBS.
Because a preceding study showed that FBS promoted the overgrowth of testicular somatic cells, we also attempted to find an alternative. The enriched spermatogonia were cultured in L-15 medium (pH 7.8) supplemented with 25 mM Hepes, antibiotics, 1% FBS, and each alternative factor at a different concentration, and the cell numbers in each medium were examined. The tested soluble factors and these concentrations were as follows: 0.5-3% B27 supplement and B27 supplement minus vitamin A (Invitrogen Corporation), 0.1-0.5% bovine serum albumin (BSA; catalog no. A1470 or A3803, SigmaAldrich; catalog no. 019-21272, Wako Pure Chemical Industries), and 20 lg/ ml of L-aspartic acid, L-proline, L-cystine, and L-glutamic acid (Sigma-Aldrich). For all experiments, cells were seeded at a concentration of 0.2 3 10 4 cells/cm 2 and cultured at 188C. The total number of spermatogonia (GFP-positive cells) or testicular somatic cells (GFP-negative cells) under each condition was determined using the Guava PCA-96 flow cytometry system (Millipore) after 14 days of culture.
Identification of Effective Soluble Factors for Spermatogonia
To identify soluble factors enhancing spermatogonial survival and mitotic activity in vitro, each growth factor used for germ cell culture of other species (mouse [9, 10, 14, 15] , medaka fish [16] , zebrafish [17, 18] , rainbow trout [19, 20] , and Japanese eel [21] ) was added alone to the improved basal medium (Table 1) of enriched spermatogonia. The tested soluble factors and their concentrations were as follows: 1-1000 ng/ml of rat glial cell line-derived neurotrophic factor (R&D Systems); 1-500 ng/ml rat GFRa1-Fc fusion protein (GFRa1-Fc; R&D Systems); 1-1000 ng/ml of mouse epidermal growth factor (Becton Dickinson); 1-1000 ng/ml of human oncostatin M (Invitrogen Corporation); 1-200 lg/ml of bovine transferrin (Sigma-Aldrich); 1-1000 ng/ml of recombinant rainbow trout leukemia inhibitory factor; 0.5-500 ng/ml of recombinant rainbow trout stem cell factor (Yoshizaki et al., unpublished data); 1-100 ng/ml of recombinant tuna platelet-derived growth factor (Ohashi and Yoshizaki, unpublished data); 1-100 ng/ml of zebrafish bone morphogenetic protein 4 (R&D Systems); 0.0625-8% salmonid serum (EastCoast Bio.); 0.1-100 ng/ml of 17,20b-dihidroxy-4-pregnen-3-one, estradiol-17b, and 11-ketotestosterone 
Analysis of Spermatogonia Mitotic Activity and Apoptosis
To detect spermatogonial mitotic activity, a BrdU incorporation assay was performed. In brief, BrdU (Sigma-Aldrich) was added to the culture medium at a concentration of 25 lM during the last 24 h of the culture period. The cells were fixed by 4% paraformaldehyde for 30 min at 48C. Immunocytochemical detection of BrdU was performed with an anti-BrdU monoclonal antibody (Chemicon International) and Alexa Fluor 546-conjugated goat anti-mouseimmunoglobulin G antibody (Molecular Probes, Inc.). The labeled spermatogonia were observed under a fluorescent microscope (IX71S1F equipped with U-MWIB2, U-NIBA2, and U-WIG2; Olympus). The percentage of BrdUlabeled spermatogonia was calculated by determining the BrdU-labeled spermatogonia from 600 to 1000 randomly selected spermatogonia per well.
To detect the apoptotic spermatogonia, TUNEL assays were performed according to the manufacturer's protocol for the Dead End Colorimetric TUNEL system (Promega Corporation), with slight modification. Cells were fixed by 4% paraformaldehyde for 30 min at 48C and then washed with PBS. After equilibration, the cells were incubated in biotinylated nucleotides solution containing terminal deoxynucleotidyl transferase for 1 h at 378C. Once the reaction was stopped using 23 SSC medium (0.15 M sodium chloride and 0.015 sodium citrate), the cultures were washed with PBS and incubated in Alexa Fluor 546-conjugated streptavidin (Molecular Probes, Inc.) for 30 min at room temperature to fluorescence-labeled apoptotic spermatogonia. The spermatogonia with TUNEL-positive signals were detected under a fluorescent microscope. The percentages of TUNEL-positive spermatogonia were calculated by determining the labeled spermatogonia from 600 to 1000 randomly selected spermatogonia per well.
Transplantation Assay for Examining the Effects of Soluble Factors
To examine the effects of the soluble factors on spermatogonial incorporation into the recipient gonads, allogeneic transplantation of spermatogonia was performed as previously described [5] . In brief, the enriched spermatogonia were cultured at 188C for 2 wk in the improved basal medium (Table 1) in either the absence (control) or presence of each soluble factor. The cells were collected by 0.25% ethylenediaminetetra-acetic acid/PBS and washed with plain L-15 medium by centrifugation (150 3 g for 10 min at 48C). The cell pellets were resuspended in 150 ll of L-15 medium supplemented with 25 mM Hepes, antibiotics, and 5% FBS. Approximately 0.5 3 10 4 spermatogonia were injected into the peritoneal cavity of a nontransgenic hatchling. Freshly dissociated testicular cells and spermatogonia cultured in TS medium-1 for 2 wk were also transplanted as control groups. At 20-24 days after transplantation, the recipient embryos were dissected, and the ratio of recipient fish having transplanted spermatogonia in their genital ridge and the number of incorporated spermatogonia were investigated by observing recipient gonads under a fluorescent microscope (BX-51 equipped with U-MWIB2; Olympus).
Culture of Spermatogonia in Modified Medium
To evaluate the modified medium, TS medium-2 (Table 1) , the enriched spermatogonia were cultured for 42 days and enumerated on Days 14, 28, and 42. TS medium-1 was used in the control group. The spermatogonia cultured for 42 days were used for the transplantation assay as described above. 
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Statistics
Data are shown as the mean 6 SEM from 8 to 12 culture wells. Statistical significance was analyzed with one-way ANOVA, followed by the Tukey test. Student t-test was used for comparisons between two groups. Statistical significance level was set to P , 0.05.
RESULTS
Improvement in the Basal Culture Medium
In our previously developed TS medium-1 (Table 1) , residual testicular somatic cells within the enriched spermatogonial populations proliferated excessively and overwhelmed the cultures by 14 days (see Fig. 2, C and D) . Furthermore, most spermatogonia were eventually outcompeted in cultures during consecutive culture passage. To resolve this problem, we attempted to identify factors promoting the overgrowth of testicular somatic cells in TS medium-1. Because our preliminary experiment raised the possibility that the addition of human bFGF, trout embryonic extract, bovine insulin, FBS, or a combination thereof enhanced testicular somatic cell proliferation, we examined the effect of these factors on somatic cell numbers by culturing cells under various mediums omitting each factor from the TS medium-1. We found strong inhibition of the overgrowth of testicular somatic cells when FBS was omitted from the medium but not with the other experimental groups (data not shown). Further experimentation showed that overgrowth of testicular somatic cells was inhibited in the groups with 0-2.5% FBS (Fig. 1A) . However, the spermatogonia number on Day 14 was significantly lower in the 0-2.5% FBS (Fig. 1B) groups.
To inhibit the overgrowth of somatic cell, we adjusted the FBS concentration to 1% as a basal condition and attempted to find alternatives to FBS for enhancing the spermatogonia number. The addition of BSA (catalog no. A1470 or A3803; Sigma-Aldrich) to the medium enhanced spermatogonia number in a dose-dependent manner, similar to that in the 10% FBS group (Fig. 2B) , without enhancing somatic cell overgrowth ( Fig. 2A) . The addition of BSA (catalog no. 019-21272; Wako Pure Chemical Industries,), B27 supplement, B27 supplement minus vitamin A, and several amino acids (Laspartic acid, L-proline, L-cystine, and L-glutamic acid) that are essential amino acids for fish lacking in L-15 medium had no effect on spermatogonia number (data not shown). Although these four amino acids did not enhance the number, we decided to include them and applied the L-15 medium supplemented with 25 mM Hepes, antibiotics, 1% FBS, 0.5% BSA, and 20 lg/ml of L-aspartic acid, L-proline, L-cystine, and L-glutamic acid as a way to improve upon the basal medium (Table 1) . With this improved basal medium, the overgrowth of testicular somatic cells was suppressed (Fig. 2E) , whereas spermatogonia number was supported to a level similar to that with the TS medium-1 (Fig. 2F) .
Identification of Effective Soluble Factors for Spermatogonia Culture
Next, to enhance the spermatogonial survival and mitotic activity in vitro, we attempted to identify the effective soluble factors. The enriched spermatogonia were cultured at 188C in the improved basal medium (Table 1) containing each soluble factor for 14 days, and the number of spermatogonia in each group was counted. The addition of adenosine (50-200 lM) enhanced spermatogonia number in a dose-dependent manner, increasing it maximally to a level twofold greater than that in the adenosine-free group (Fig. 3, A, B, and D) . To understand the cause of this phenomenon, both the TUNEL and BrdU assays were used, demonstrating that the ratios of TUNELpositive spermatogonia were lower in the groups supplemented with 200 lM adenosine (Fig. 3F) , and the ratios of BrdUpositive spermatogonia were significantly lower in groups supplemented with 50-200 lM adenosine (Fig. 3E) . Furthermore, the addition of salmonid serum (0.0625-2%) also enhanced spermatogonia number in a dose-dependent manner, and the number increased maximally to a level 1.6-fold greater than that of the salmonid serum-free group (Fig. 3, A, C , and G). The ratios of TUNEL-positive spermatogonia were significantly higher in the 0.125-0.5% salmonid serum-added groups (Fig. 3I) , and the ratios of BrdU incorporation in spermatogonia were significantly promoted in 0.125-0.5% salmonid serum-added group compared to that in the salmonid serum-free group (Fig. 3H) . Moreover, the addition of 2-mercaptoethanol (50-880 lM) and ascorbic acid (1-125 lM)   FIG. 3 . The effects of adenosine (B and D-F) and salmonid serum (C and G-I) on spermatogonia number, mitotic activity, and apoptotic cell death. The enriched spermatogonia were cultured at 188C in the improved basal medium (Table 1) 
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SHIKINA AND YOSHIZAKI slightly enhanced the number of spermatogonia (data not shown). When 200 lM adenosine and 0.25% salmonid serum were simultaneously added to cultures, no additive effect on spermatogonia number was observed (Fig. 4A) . The spermatogonia number and ratios of BrdU-positive spermatogonia in the simultaneously added group were lower than that of the singly added group (Fig. 4, A and B) . The ratios of TUNEL-positive spermatogonia were almost equivalent to that of adenosineadded group (Fig. 4C) .
We found that the spermatogonia number on Day 14 of culture varied widely among fish individuals, siblings, and strains. However, the tendency of these results was reproducible (data not shown). The addition of rat glial cell line-derived neurotrophic factor, rat GFRa1-Fc fusion protein, mouse epidermal growth factor, human oncostatin M, recombinant rainbow trout leukemia inhibitory factor, recombinant rainbow trout stem cell factor, recombinant tuna platelet-derived growth factor, zebrafish bone morphogenetic protein 4, 17,20b-dihidroxy-4-pregnen-3-one, estradiol-17b, testosterone, 11-ketotestosterone, sodium selenite, ZnSO 4 , pyruvic acid, putrescine, and their combinations to the improved basal medium had no effect on spermatogonia number on Day 14 under our new culture conditions (data not shown).
Transplantation Assay for Examining the Effects of Soluble Factors
To examine the effects of identified soluble factors on spermatogonial ability to be incorporated into the recipient gonads, allogeneic transplantation assay was performed. The enriched spermatogonia cultured for 2 wk in the improved basal medium (Table 1) containing 200 lM adenosine and 0.25% salmonid serum were injected into the peritoneal cavity of nontransgenic hatchlings. To evaluate the effect of these soluble factors, freshly prepared testicular cells and spermatogonia cultured in TS medium-1 (Table 1) for 2 wk were transplanted as controls. The ratio of recipient fish having transplanted spermatogonia in their gonads was significantly lower in the 200 lM adenosine-added and TS medium-1 groups. In contrast, the ratio was almost equivalent in the 0.25% salmonid serum-added and control groups compared to that of freshly prepared testicular cell groups (Fig. 5C ). The numbers of spermatogonia incorporated into a recipient gonad were significantly higher in the salmonid serum-added group than that of other groups (Fig. 5, A, B, and D) .
Culture of Spermatogonia in the Modified TS Medium-2
Based on the above-mentioned results and those of our previous study, we developed the TS medium-2 (Table 1) . To evaluate the effect of TS medium-2, we cultured spermatogonia for long periods of time and performed the transplantation assay. The enriched spermatogonia were cultured in the TS medium-2 for 42 days, and then spermatogonia number was assessed. TS medium-1 was used as a control group. Spermatogonia number was significantly enhanced in the TS medium-2 as compared to that in TS medium-1 on Days 14, 28, and 42 of culture (Fig. 6A) . After passage on Day 42, the cultured spermatogonia in TS medium-2 tended to immediately form large clumps (Fig. 6, B-E) . Their morphology and GFP intensity, which mirrored the endogenous vasa-gene expression level, were retained similar to that of freshly isolated type A spermatogonia at least 2 mo following culture (Fig. 6, C and  D) . Furthermore, transplantation assay showed the spermatogonia cultured for 42 days in TS medium-2 group possessed the ability to be incorporated into the recipient gonads (Fig.   7A ). The ratio of recipient fish having cultured spermatogonia in gonads did not significantly differ with freshly prepared testicular cells (Fig. 7B) . The transplantation of spermatogonia cultured for 42 days in TS medium-1 group was not conducted because of the overgrowth of somatic cells and lack of a sufficient number of spermatogonia.
DISCUSSION
In the present study, we improved upon the culture conditions for trout type A spermatogonia and developed a culture medium that enhances spermatogonia survival, mitotic activity, and transplantability. To improve culture conditions, we focused on the differences in the rate of proliferation between testicular somatic cells and type A spermatogonia. Because trout type A spermatogonia have an extremely slow cell cycle compared to testicular somatic cells in vitro (Shikina and Yoshizaki, unpublished data) , the cultures were rapidly occupied by proliferated somatic cells under culture conditions that could support the survival and proliferation of both testicular somatic cells and spermatogonia. These data suggested that important factors for culturing such mixed cell populations include inhibiting the growth of nontarget cells in the same culture plates as well as specific induction of target cell growth by developing the appropriate culture environment and adding specific growth factors. In the present study, we could suppress the overgrowth of testicular somatic cells by adjusting FBS concentration in the medium to 1%. Furthermore, the addition of soluble factors, such as BSA, adenosine, and salmonid serum, would enhance the survival, mitotic activity, and transplantability of spermatogonia without promoting the overgrowth of somatic cells. Under these improved conditions, we could extend the culture period of type A spermatogonia but maintain their original morphology and GFP intensity, which reflected the endogenous vasa-gene expression level. Furthermore, the transplantation assay showed the spermatogonia cultured in improved medium for 42 days still possessed their ability to be incorporated into the recipient gonads. The present study represents valuable steps toward establishing a method of culturing spermatogonia for use in surrogate broodstock technology.
We also found that the addition of salmonid serum to the cultures enhanced spermatogonia number and mitotic activity. Furthermore, the transplantation assay showed that when the spermatogonia, cultured in the presence of salmonid serum, were transplanted into recipient hatchlings, the ratio of recipient fish having donor spermatogonia and the number of spermatogonia being incorporated increased compared to that of recipient fish receiving freshly prepared spermatogonia. These data indicate that salmonid serum enhanced the transplantability of spermatogonial population in vitro. We previously found that the spermatogonia once incorporated into the recipient genital ridge immediately after transplantation were not eliminated throughout the lifetime of recipient fish and could produce several hundred millions of sperm in the allogeneic gonad during several consecutive spawning seasons [5] . These findings raise the possibility that all donor-derived spermatogonia incorporated into recipient gonads behaved as FIG. 5. Effects of adenosine or salmonid serum on spermatogonial ability to be incorporated into recipient gonads as examined by transplantation assay. The enriched spermatogonia were cultured at 188C for 2 wk in the improved basal medium (Table 1) 
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SHIKINA AND YOSHIZAKI spermatogonial stem cells. In other words, only spermatogonia possessing stem cell potency can be incorporated into the recipient gonads and produce functional gametes [5] . Taking this presumption into account, it seems quite probable that salmonid serum promoted self-renewal of spermatogonial stem cells in vitro. In the present study, however, we cannot rule out the possibility that salmonid serum promoted the mitosis of nonspermatogonial stem cells and enhanced the ability of spermatogonia to migrate toward the genital ridge, or their response to chemoattractant secreted from the genital ridge. It will be interesting to identify in future studies the precise molecular mechanisms in spermatogonial self-renewal and enhanced transplantability by salmonid serum.
Adenosine is known to modulate the proliferation, survival, and apoptosis of many different cell types [22] . Loir [20] previously reported that the addition of adenosine to cultures promoted DNA synthesis of trout type A spermatogonia in prespermatogenetic testis, as assessed by H 3 -thymidine incorporation of whole testicular cell suspension. Loir also speculated that the adenosine receptor was present in undefined testicular cells and that adenosine participates in the regulation of spermatogonial mitosis in vivo. In the present study, we showed that the addition of adenosine enhanced the number of the type A spermatogonia and suppressed their apoptosis. Because highly enriched spermatogonia prepared from prespermatogenetic testis were used in our study, it seems probable that adenosine acts as a spermatogonia survival factor through direct receptor binding. In contrast to the study by Loir [20] , the BrdU incorporation of the enriched spermatogonia was not enhanced in the presence of adenosine under our conditions. This discrepancy might be a result of the difference in cell population used for culture experiments. Loir used whole testicular cell suspension, which contained all kinds of testicular cells and partially retained cell-cell interactions between spermatogonia and testicular somatic cells prepared from prespermatogenetic testis. When taking all this into Table 1 ]) or TS medium-1 (the medium developed in our previous study [ Table 1 consideration, it is possible that adenosine may also act on testicular somatic cells and induce them to be spermatogonial mitotic growth factors. Another possibility is that adenosine promotes spermatogonial mitosis in cooperation with other factors derived from testicular somatic cells. Further research on identification of the cell releasing adenosine and on localization of its receptors would clarify the function of adenosine in fish prespermatogenetic testis.
Despite several efforts, we were unable to establish a culture system that expanded the spermatogonia number. Nonetheless, it is worth noting that we could maintain spermatogonia for more than 2 mo with their GFP intensity, which mirrored endogenous spermatogonia vasa-gene expression. Furthermore, the morphology of the spermatogonial clump was similar to that of the mouse germline stem cell line [9] . Obviously some triggers for spermatogonial expansion might be missing under our culture conditions. In Drosophila, it has been reported that the germline stem cell derived from bag of marbles mutant ovaries could be expanded in vitro by coculturing with ovarian somatic cells, which produced factors for maintaining the germline stem cell's stemness in vivo, in a medium supplemented with fly extract [23] . In rodents, it has been demonstrated that the glial cell line-derived neurotrophic factor is crucial for initiation and cultivation of SSC lines, and mouse embryonic fibroblast cells also play beneficial roles in cultures as feeder cells. These reports suggest that additional factors, such as feeder layers, specific growth factors, or their synergistic effects, may be essential for expansion of germline stem cells. We are currently attempting to establish a culture system using Sertoli cells isolated from immature testes as a feeder layer and produce recombinant factors derived from rainbow trout.
